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Longitudinal Standards for Height and Height Velocity in Korean 
Children and Adolescents: the Kangwha Cohort Study
Longitudinal standards for height and height velocity are essential to monitor for 
appropriate linear growth. We aimed to construct standards in Korean children and 
adolescents through the population-based longitudinal Kangwha study. Our study was a 
part of a community-based prospective cohort study from 1986 to 1999 with 800 school 
children. Height and height velocity were recorded annually from age 6 until final height. 
Results were compared with cross-sectional data from the 2007 Korean National Growth 
Charts. Final height was 173.5 cm in boys and 160.5 cm in girls. Although final height 
was similar between longitudinal and cross-sectional standards, the mean height for age 
was higher in the longitudinal standard by 1-4 cm from age 6 until the completion of 
puberty. Using the longitudinal standard, age at peak height velocity (PHV) was 12 in boys 
and 10 in girls; height velocity at PHV was 8.62 cm/yr in boys and 7.07 cm/yr in girls. The 
mean height velocity was less than 1 cm/yr at age 17 in boys and 15 in girls. Thus, we have 
presented the first report of longitudinal standards for height and height velocity in Korean 
children and adolescents by analyzing longitudinal data from the Kangwha cohort.
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INTRODUCTION
Monitoring of growth and development is the foundation of ef-
fective patient care in pediatrics. Growth reference charts are 
used around the world both to monitor for appropriate growth 
and to screen for possible genetic or developmental anomalies 
(1, 2). Children whose growth plots outside the range of normal, 
such as below the 3rd or above the 97th percentile, or whose 
growth velocity is beyond the normal range, may be exhibiting 
early signs of disease and warrant further evaluation (3). How-
ever, interpretation of growth patterns using conventional growth 
charts may be inaccurate and misleading due to a variety fac-
tors, including problems with the sampling method used to de-
velop the standard. Most growth charts currently used in pedi-
atric practice are constructed based on cross-sectional data and 
consist of the sum of data from different children, obtained 
from a single measurement. Therefore, these standards may 
not accurately reflect longitudinal growth of an individual child. 
Longitudinal growth is calculated by measuring a child’s height 
at two time points and dividing that difference by the associat-
ed change in time (4). Since the use of growth charts based on 
cross-sectional measurements of height in a specific popula-
tion may result in erroneous conclusions about the growth of 
individual children over time, most pediatricians believe that 
growth assessment by longitudinal standards is more accurate. 
Although a few outstanding longitudinal growth charts are cur-
rently in use (5-12), there is still a need for current longitudinal 
standards that are appropriate for specific populations. Unfor-
tunately, the development of a reliable longitudinal growth 
standard is time consuming because of the requirements of a 
large patient population, long follow-up times, and careful han-
dling and analysis of data. 
 Our study presents the height and height velocity charts from 
the large longitudinal population-based Kangwha study of grow-
th of young and adolescent children in Korea. In addition, we 
describe the differences between our new longitudinal growth 
charts and the Korean National Growth Charts, which are based 
on cross-sectional measurements of height and are currently 
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being used by most pediatricians to monitor the growth of chil-
dren in Korea. 
MATERIALS AND METHODS
This study was conducted as a part of a community-based pro-
spective cohort study called the Kangwha Project, which started 
in 1986 in Kangwha County (13). Kangwha County is located 
on a large island, west of Seoul, and consists of rural villages 
and a small town. In this study, 800 school children (359 boys, 
441 girls) who were born in 1980 were enrolled and followed 
between 1986 and 1999. The cohort included only healthy chil-
dren with a documented birth history and past medical history. 
The sample size varied at different ages because of absent doc-
umentation and various reasons during this population-based, 
longitudinal study. The smallest sample size was 468 (200 boys, 
268 girls) at the age of 19, and the largest sample size was 783 
(342 boys, 441 girls) at the age of 15.
 The examiners visited Kangwha County every summer and 
performed data collection for a period of 1 month after a week 
of training. Each subject was interviewed using a structured ques-
tionnaire. The examiners measured the height of subjects an-
nually from 6 to 17 yr of age and finally at 19 yr of age. Height 
was measured to the nearest 0.1 cm by trained medical students 
using a stadiometer (SECA-225, SECA, Hamburg, Deutschland). 
The inter-observer error was within 0.2 cm. Near final height 
was defined as the height when growth velocity was < 1 cm/yr. 
Longitudinal data in this study was compared to cross-sectional 
data from the 2007 Korean National Growth Charts (14).
 Longitudinal data were analyzed using a linear mixed model 
(LMM), excluding confounder factors, to construct longitudinal 
standards for height and height velocity. We used the LMM and 
chi-square test to verify the demographic trends of continuous 
and categorical variables over the ordinal variable of time, re-
spectively. We corrected for possible confounder factors and 
compensated for baseline measurements. Measurements were 
interpolated to exact ages because subjects are not measured at 
exactly the same age. We computed the estimated functional 
values for age, and the interpolated values were taken to be equal 
to the estimated functional values at the interpolated age. Sig-
nificance was determined as P < 0.05. Data were analyzed with 
the SAS program (version 9.2; SAS Institute, Cary, NC, USA).
Ethics statement
This study was approved by the institutional review board of 
Yonsei University Severance Hospital in 2010 (IRB number 4- 
2009-0624). Written informed consent could not be obtained at 
start of the Kangwha cohort (1986) and was exempted before 
approval of the study. Then, we obtained written informed con-
sent from the subjects participating in the Kangwha study.
 
RESULTS
Height reference values for Korean children from 6 to  
19 yr of age 
Table 1 displays the mean and standard deviation (SD) values 
for height in Korean boys and girls from 6 to 19 yr of age. The 
distribution of height values was approximately normal at most 
ages, according to the skewness and kurtosis values. Final height 
in this study was 173.5 cm for boys and 160 cm for girls. The hei-
ght reference curves were constructed from these data (Fig. 1). 
Height velocity reference values for Korean children from 
7 to 19 yr of age 
Table 2 shows the mean and SD values for height velocity in 
Korean boys and girls from 7 to 19 yr of age. The distribution of 
height velocity values was significantly positively skewed at 
most ages. It was suspected that the skewness might be due to 
variations in the timing of each child’s pubertal development. 
The kurtosis of the height velocity curve for girls at 17 yr of age 
was very high and may not be applicable, because the observed 
data were dense. The height velocity reference curves were con-
structed from these data (Fig. 2). In boys, height velocity at 9 yr 
of age was 4.72 cm/yr, lower than height velocity at 8 and 10 yr 
of age. This phenomenon was not definite in girls. It was thought 
that mid-childhood growth spurt could be found in boys before 
puberty (15). Peak height velocity (PHV) was observed at 12 yr 
in boys and 10 yr in girls. The PHV was 8.62 cm/yr in boys and 
7.07 cm/yr in girls (Table 2). This shows that girls attain peak 
Table 1. Height reference values for Korean children from 6 to 19 yr of age
Sex Age (yr) No. Mean SD Skewness Kurtosis
Boys 6
7
8
9
10
11
12
13
14
15
16
17
19
237
359
351
330
334
310
335
329
325
342
339
315
200
118.05
123.01
128.83
133.63
139.40
144.96
153.11
160.17
166.26
169.80
171.51
172.34
173.54
4.86
5.14
5.40
5.52
5.88
6.75
8.10
8.05
7.02
6.12
5.89
5.83
5.90
-0.15
-0.10
-0.01
-0.09
-0.05
0.12
0.01
-0.30
-0.43
-0.14
0.01
0.13
0.15
-0.07
-0.06
0.37
0.09
0.22
0.28
-0.05
0.09
0.67
0.47
-0.02
-0.21
-0.26
Girls 6
7
8
9
10
11
12
13
14
15
16
17
19
246
383
388
362
342
337
374
371
372
441
429
415
268
117.40
122.17
128.14
133.38
140.27
146.67
152.97
155.82
158.20
158.88
159.16
159.45
160.37
4.69
5.27
5.39
5.98
6.61
7.05
6.04
5.37
5.21
5.15
5.16
5.23
5.09
0.19
0.18
0.04
0.08
-0.16
-0.35
-0.49
-0.42
-0.30
-0.19
-0.15
-0.07
-0.10
0.01
1.12
0.68
0.46
0.15
0.07
1.28
1.92
1.74
1.33
1.10
0.90
1.27
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tile height velocity was > 4.8 cm/yr before puberty and > 5.6 
cm/yr during puberty. The mean height velocity was < 1 cm/yr 
at 17 yr in boys and 15 yr in girls. 
Comparison of the longitudinal standards for height with 
the Korean National Growth Charts 
Fig. 1 displays a comparison of height values in the Korean Na-
tional Growth Charts and our longitudinal standards for height 
in children 6 to 19 yr of age. The mean final heights of children 
at the 50th percentile for height in the Korean National Growth 
Charts and longitudinal standards were 173 cm and 172.5 cm 
for boys, and 160.5 cm and 159.5 cm for girls. Thus, differences 
in final height were minimal between the Korean National Grow-
th Charts and our longitudinal standards. However, the mean 
heights attained in boys at the 50th percentile for height from 
ages 6 to 15 yr using our longitudinal standards were higher 
than those using the Korean National Growth Charts (Fig. 1A). 
A similar pattern was observed in girls between the ages of 6 
and 13 yr (Fig. 1B). The heights between the 3rd and 97th per-
centiles converged in a narrow range in the Korean National 
Growth Charts compared with heights using our longitudinal 
standards, for both genders. 
Comparison of longitudinal standards for height velocity 
with those from the Korean National Growth Charts
Height velocity at the 50th percentile line, calculated from cross-
Fig. 1. Longitudinal height standard curves in Korean children and adolescents. Height attained for boys (A) and girls (B) from 6 to 19 yr of age and comparison of longitudinal 
(heavy lines) and cross-sectional standards (dotted line). The dotted line is the calculated 50th percentile line derived from cross-sectional data from the 2007 Korean National 
Growth Charts. P, percentile.
Age (yr)
6 7 8 9 10 11 12 13 14 15 16 17 18 19
190
180
170
160
150
140
130
120
110
100
(cm)
97P
90P
75P
50P
25P
10P
3P
A
Age (yr)
6 7 8 9 10 11 12 13 14 15 16 17 18 19
190
180
170
160
150
140
130
120
110
100
(cm)
97P
90P
75P
50P
25P
10P
3P
B
Table 2. Height velocity reference values for Korean children from 7 to 19 yr of age
Sex Age (yr) No. Mean SD Skewness Kurtosis
Boys 7
8
9
10
11
12
13
14
15
16
17
19
219
336
317
311
300
249
319
316
275
317
307
188
5.32
5.70
4.72
5.78
5.53
8.62
6.99
6.18
3.49
1.68
0.75
0.74
0.70
0.97
0.85
0.81
1.63
3.01
2.04
2.47
2.26
1.37
0.70
0.51
0.22
1.85
0.17
0.85
1.37
1.92
0.03
-0.01
0.99
1.65
1.62
1.00
0.68
24.69
12.65
2.57
1.97
12.83
0.80
-0.82
0.72
4.68
4.31
1.97
Girls 7
8
9
10
11
12
13
14
15
16
17
19
227
336
249
322
322
287
362
359
347
425
408
259
5.22
6.03
5.18
7.07
6.46
6.31
2.76
2.31
0.77
0.30
0.33
0.60
0.93
1.16
1.28
1.61
1.56
2.36
1.86
1.25
0.69
0.43
0.89
0.49
0.73
2.05
1.41
0.39
-0.24
-0.38
0.73
1.38
1.38
1.39
8.94
1.15
3.63
17.07
4.56
-0.22
-0.08
-0.51
-0.25
2.42
3.58
2.58
N.A.
1.52
N.A., Not Applicable.
height velocity 2 yr earlier than boys. The height velocity at the 
25th percentile, which is required to maintain a child’s height 
percentile on the growth chart, was > 4.6 cm/yr before puberty 
and > 6 cm/yr during puberty in boys. In girls, the 25th percen-
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sectional data, demonstrated a wider and diminished peak com-
pared with similar height velocities in our longitudinal standards. 
The height velocity curve from the Korean National Growth 
Charts had a peak that was between the 25th and 50th percen-
tiles in longitudinal standards, both in boys and girls (Fig. 2). 
DISCUSSION
Growth reference charts are essential to assess appropriate grow-
th of individual children. Since conventional growth charts con-
structed with cross-sectional data were not developed by fol-
lowing the linear growth of individual children, it is likely that 
growth charts developed by following the growth of a large group 
of children over time will be more accurate. However, it is very 
hard to collect longitudinal data because following a group of 
children for many years is time-consuming and the cohort group 
must be large enough to take into account the inevitable with-
drawal of subjects from the study (9). Therefore, most growth 
charts are based on cross-sectional data. The Korean Pediatric 
Society and the Ministry of Health and Welfare in Korean Gov-
ernment have developed the Korean National Growth Charts 
every 10 yr since 1967, using cross-sectional data. This study is 
the first to present longitudinal standards for height and height 
velocity in Korean children and adolescents. 
 In this study the final height was 173.5 cm for males and 160.5 
cm for females, which was very close to final heights in the 2007 
Korean National Growth Charts. Even though final height was 
similar between cross-sectional and our longitudinal standards, 
the longitudinal means were higher than cross-sectional means 
by 1-4 cm from 6 yr of age until the completion of puberty. These 
findings suggest that prediction of final height with cross-sec-
tional standards may be an overestimate, based on the assump-
tion that longitudinal standards are more accurate for assessing 
an individual’s longitudinal growth. 
 The growth spurt is associated with the appearance of secon-
dary sex characteristics in puberty. The pubertal growth char-
acteristics including PHV and age at PHV contribute to final 
adult height (7, 16). PHV was calculated as 8.6 cm/yr at 12 yr of 
age in boys, and 7.1 cm/yr at 10 yr of age for girls in our study. 
The PHV was 7.7 cm/yr at 13 yr of age in boys, and 6.9 cm/yr at 
10 yr of age for girls in the 2007 Korean National Growth Charts. 
The height velocity curve derived from the Korean National 
Growth Charts had a peak that was between the 25th and 50th 
percentile for height velocity curve peaks both in boys and girls 
and was wider compared with longitudinal standards. A similar 
longitudinal study was conducted by Lee et al. (12) in Taiwan-
ese children. The age at PHV in that study was 12.5 yr for boys 
and 10.5 yr for girls. The whole year PHV was 8.0 cm/yr in boys 
and 7.0 cm/yr in Taiwanese girls (12). The mean growth velocity 
was < 1 cm in boys and girls at 17 and 15 yr of age, respectively. 
Mean heights were 170.8 cm in boys and 158.7 cm in Taiwanese 
girls. These were similar to our results, except that PHV was low-
Fig. 2. Longitudinal curves for height velocity in Korean children and adolescents. Height velocity for boys (A) and girls (B) from 7 to 19 yr of age and comparison of longitudinal 
(heavy lines) and cross-sectional standards (dotted line). The dotted line is the calculated pseudo-50th percentile line derived from cross-sectional data from the 2007 Korean 
National Growth Charts. P, percentile.
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er in boys by 0.6 cm/yr. Final height was shorter by 2.7 cm in 
boys and by 1.3 cm in Taiwanese girls. In contrast, longitudinal 
studies in Western populations show that PHV is higher (9.42-
9.79 cm/yr for boys and 7.12-8.3 cm/yr for girls), the age at PHV 
is later (13.5-14 yr for boys and 11.5-12 yr for girls), and final 
height is higher (176.8-180.43 cm for boys and 163.8-167.59 cm 
for girls) (7-11). Higher PHV and later age at PHV in Western 
populations may explain their increased final height. The age 
when the mean height velocity was < 1 cm/yr was 17 yr in boys 
and 15 yr in girls in our study. The age at which children reached 
final height was similar both in Western and Asian populations. 
Pubertal growth consists of a phase of accelerated growth, fol-
lowed by a phase of growth deceleration, and eventual cessa-
tion of growth with closure of the epiphyses (17). All studies in-
cluding ours have shown similar growth patterns during pu-
berty. Interestingly, the mid-childhood growth spurt was ob-
served at 10 yr in boys and 8 yr in girls, which was two years ear-
lier than the age at PHV in our study (Table 2). Previous studies 
have also reported a mid-childhood growth spurt in some chil-
dren between 6 and 9 yr of age (15, 18). 
 Although this study has major strengths with respect to col-
lection of data in a relatively large cohort of children for 20 yr, it 
also shows the inevitable difficulties and some limitations of 
such a long-term study. First, we did not account for pubertal 
stage in this study. For this reason, we could not determine the 
association between the growth spurt and puberty. Second, 
Kangwha county is a small rural region of Korea, therefore it 
may not be representative of the entire population of Korean 
children. Growth of children in an urban region may differ from 
the growth of children who live in rural areas. Some studies 
have demonstrated that height is significantly greater in urban 
compared with rural children (19, 20). Socio-environmental 
conditions as well as nutritional status might explain these dif-
ferences between children living in urban and rural areas (21). 
Third, we did not account for factors that may influence linear 
growth, such as malnutrition or obesity in childhood (22-24). 
The growth velocity of obese children is known to be higher 
than that of lean children in the pre-pubertal period, but de-
creases notably during puberty (22). Body weight and body 
mass index may be important confounding factors; however, 
we did not analyze the effects of these variables on our results. 
Finally, this study did not consider the phenomenon that is said 
to be conditional on tempo (7). Actually, children during pu-
berty can be divided according to the tempo of pubertal matu-
ration, such as average, early, and late-maturing children. Lon-
gitudinal standards considering condition on tempo are being 
analyzed and will be the subject of a future report. 
 In conclusion, we have presented the first report of longitu-
dinal standards for height and height velocity in Korean chil-
dren and adolescents by analyzing population-based, longitu-
dinal data from the Kangwha cohort. 
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